Abstract
Introduction

37
Tropical coral reefs are among the most diverse and productive ecosystems on Earth. Reef-38 building corals thrive in an oligotrophic environment, where their success is largely driven by 39 the endosymbiotic relationship with various clades of dinoflagellate microalgae in the genus 40
Symbiodinium, collectively known as zooxanthellae, which are harbored inside endodermal 41 host cells. The coral holobiont, i.e., the association of the coral cnidarian animal, 42
Symbiodinium, and microbes associated with coral tissue and skeleton (Bourne et al., 2009) , 43 has an advantage in oligotrophic environments, as it is able to acquire heterotrophically fixed 44 carbon and nutrients via prey capture and particle feeding, as well as gaining access to 45 autotrophically fixed carbon via symbiont photosynthesis and subsequent leakage of 46 photosynthates from the zooxanthellae to the host. While zooxanthellae only represent ~5-47 15 % of the coral tissue biomass (Odum & Odum, 1955 ; Thornhill et al., 2011) , they provide 48 up to 95% of the coral's energy demand (Muscatine et al., 1981; Edmunds & Davies, 1986) . 49 However, corals are susceptible to environmental stress (e.g. changes in seawater 50 temperature, nutrient stress, pH, O2, etc.), which can lead to the break-down of the coral-51 algal symbiosis and the expulsion of the symbiotic algae, a phenomenon known as coral 52 bleaching (Lesser, 1996; Hoegh-Guldberg, 1999 larger scale, the most widely acknowledged stressors are instances of above-average sea 57 water temperatures, due to global warming, in combination with excess solar irradiance 58 (Glynn, 1996) . The primary biochemical causes of coral bleaching are still debated (Brown & 59 in corals upon environmental stress (Lesser, 1996; Bou-Abdallah et al., 2006) . Irradiance 61 exposure plays a central role in the bleaching response of corals, and excess irradiance can 62 e.g. lead to photodamage of photosystem II and essential repair systems in the algal symbiont 63 leading to the production of harmful O2 radicals (Lesser, 1996; Lesser & Farrell, 2004; Hill et 64 al., 2011) . A better understanding of how corals handle light is thus important for a 65 mechanistic description of coral bleaching. 66
In reef environments, supersaturating light levels can lead to photoinhibtion, i.e., the 67 decrease in photosynthetic quantum efficiencies due to increasing damage to the 68 photosystems and cellular repair mechanisms. (Wangpraseurt et al., 2014b; Gittins et al., 2015) . 77
Photons traveling through coral tissue can undergo several scattering events, leading to 78 localized scalar irradiance enhancement in upper tissue layers (Wangpraseurt et al., 2014a (Wangpraseurt et al., , 79 2017b ). While such enhancements in light exposure contribute to the high photosynthetic 80 efficiency of corals under optimal irradiance exposure (Brodersen et al., 2014) , the same light 81 enhancing mechanisms can cause stress when corals are subject to excess irradiance, 82 eventually resulting in coral bleaching. Enhanced skeletal scattering from bleaching leads to 83 enhanced light absorption by the remaining Symbiodinium cells and can thus induce further 84 light stress, ultimately accelerating the bleaching response; a process known as the optical 85 feedback loop (Enríquez et al., 2005; Wangpraseurt et al., 2017b) . 86
Furthermore, the absorption of light energy by symbiont photopigments is a major driver of 87 radiative heat generation in coral tissue (Jimenez et al., 2012) , with the rate of coral heating 88 being directly proportional to the amount of incident light energy being absorbed (Jimenez et 89 al., 2008; Welch & van Gemert, 2011) . Excess heat from the tissue is dissipated via convection 90 into the surrounding water across a thermal boundary layer (TBL), and via heat conduction 91 down into the coral skeleton (Jimenez et al., 2008) . The thickness of the TBL changes 92 depending on the ambient flow regime, coral topography, and shape (analogous to the well-93 known diffusive boundary layer, DBL), while coral tissue surface area/volume ratio affects 94 coral surface warming and cooling (Jimenez et al., 2008 (Jimenez et al., , 2011 with the exception of a single study on a symbiont-bearing coral (Brodersen et al., 2014) . It 118 was found that, while the majority (>96%) of incident light energy was absorbed and 119 dissipated as heat, the quantum efficiency (QE) of corals measured under low to moderate 120 irradiance was close to the theoretical maximum of 0.125 mol O2 per mol photons, showing 121 that light is used very efficiently for photosynthesis in corals (Brodersen et al., 2014) . 122
Furthermore, the proportion of photosynthesis decreased with increasing irradiance, while 123 heat dissipation increased and reflectance remained unchanged at about 10% of the incident 124 irradiance. Similar observations have been made in microbial mats, although these systems 125 exhibit a much lower photosynthetic efficiency (Al-Najjar et al., 2010). A direct comparison of 126 how the radiative energy budget and thus photosynthetic efficiency changes during bleaching 127 in starved versus fed corals, has so far not been reported. 128
In this study and in an accompanying paper (Lyndby et 
Methods
137
Corals
138
Pocillopora damicornis corals were supplied by the Centre Scientifique de Monaco (CSM). 139
Corals were prepared by cutting eight mother colonies into ~120 fragments of 2-3 cm in 140 diameter, and hung from nylon threads in the tank. All corals were kept under a 12:12 hours 141 day-night cycle using white light (250W metal halide lamps; Philips, Netherlands), at a 142 downwelling photon irradiance (400-700 nm) of 200-250 µmol photons m -2 s -1 , as determined 143 by a quantum irradiance sensor connected to a light meter (Li-COR 250a, Li-COR, USA). 144
Thermal stress and feeding treatments 145 Corals were exposed to 4 different experimental treatments: 1) fed and heated, 2) fed and 146 not heated, 3) unfed and heated, 4) unfed and not heated. Eight tanks (water renewal rate of 147 10 L h -1 , 25°C, salinity of 35) were set up two months in advance of the bleaching experiment 148 as to divide the corals into two groups of 4 tanks, each with either fed or unfed corals. Fed 149 corals were fed once a day four times per week with ~4000 Artemia nauplii per coralfragment, while unfed corals were kept unfed throughout the study, including the two 151 months prior to measurements. 152
About 20 fragments were kept in each control tank, while three thermal stress tanks 153 contained a total of 40 fragments for each feeding treatment. At the beginning of the study, 154 all 8 tanks started at 25°C. The tanks used for thermal stress were then gradually ramped up 155 to 30°C over a period of five days, increasing the temperature by 1°C per day. Thermally 156 stressed corals were kept at 30°C for an additional two to three days before starting 157 measurements. First measurements were performed on corals after the first two to three 158 days of 30°C thermal stress (T1). Measurements were then performed after an additional five 159 days of thermal stress (T2). Measurements on control corals (T0) were done in between the 160 waiting period for T1 and T2. 161 Netherlands) connected to the pA meter. Gross photosynthesis was estimated using the light-210 dark shift method as described in detail by Revsbech & Jørgensen (1983) , where the 211 measurements performed at the coral tissue surface were regarded as representative of the 212 entire tissue volume of P. damicornis given that the tissue thickness in most places was ~100-213 200 µm thick (see results), which approximates the spatial resolution of the light-dark shift 214 method during the 2-3 second period of darkening. Accordingly, the areal rate of gross 215 photosynthesis (GPP) was estimated by multiplying the measured volume-specific gross 216 photosynthesis at the tissue surface (in nmol O2 cm -3 s -1 ) by the local tissue thickness (in cm). 217
The local tissue thickness was estimated from the difference in depth position of the scalar 218 irradiance measurements done at the water-tissue and tissue-skeleton interface, 219 respectively. Chlorophyll content and symbiont density
236
Chlorophyll a+c2 content and symbiont density were determined for 4-5 coral fragments from 237 each treatment at each time point. For this, tissue was first detached using a Water Pick with 238 filtered seawater (FSW, 0.45 µm pore size). The tissue slurry was then homogenized using a 239
Potter tissue grinder. For chlorophyll content determination, 5 mL of the homogenate was 240 centrifuged at 11000g for 15 minutes at 4°C, where after the supernatant was discarded and 241 the remaining algal pellet was re-suspended in 5 mL pure acetone. Pigments were extracted 242 at 4°C over a period of 24 h in darkness, before they were centrifuged. The pigment-243 containing supernatant was collected and the chlorophyll content was determined by thespectrophotometric method of Jeffrey & Humphrey (1975) using a spectrophotometer 245 (UVmc2, Safas, Monaco). 246
The density of zooxanthellae was determined by centrifugation of 0.1 mL of the tissue 247 homogenate at 850g for 10 minutes. The supernatant was discarded, and the algal pellet was 248 re-suspended in FSW that was subsequently used for ten separate chamber counts. The 249 zooxanthellae were counted according to the method described by Rodolfo-Metalpa et al. unfed corals during all measurements (Figure 2a) . 334
The maximal relative PS electron transport rate, rETR, at the highest photon irradiance (Ed = 335 1630 µmol photons m -2 s -1 ) did not differ between unfed corals before (T0) and after thermal 336 stress (T1), while fed corals showed a significant 1.6-fold increase in rETR after 8 days at 30°C 337 (T2) relative to the control (T0, ANOVA, F(1, 46) = 6.1, P = 0.02; Figure 2b ). The rETR of fed 338 corals was also 2-fold higher than the rETR of unfed corals, at both T0 and T1, and all light 339 levels, which is in agreement with a higher Fv/Fm (ANOVA, F(1, 106) = 44.3, P << 0.01). 340
Chlorophyll content and symbiont density 341 Zooxanthellae cell density at T0 was about 1.9 times higher for fed fragments compared to 342 unfed fragments, and cell density decreased steadily in corals under both feeding treatments 343 during thermal stress (T1-T2, Figure 3a) . Relative to the starting population at T0, cell density 344 loss in fed fragments was 10.1% after 3 days at 30°C (T1), and 27.5% after 8 days at 30°C (T2; 345 ANOVA, F(2, 11) = 6.2, P = 0.016). For unfed fragments, cell density loss was 23.4% after 3 346 days at 30°C (T1), relative to the starting population (ANOVA, F(1, 7) = 9.1, P = 0.020; Figure  347 3a). The chlorophyll content was about 3.4 times higher in fed fragments as compared to 348 unfed fragments at T0 (ANOVA, F(1, 21) = 17.8, P << 0.01). No significant changes in chlorophyll 349 content were observed during thermal stress in fragments from both feeding treatment 350 relative to the starting content (T0-T2; ANOVA, F(2, 11) = 0.8, P = 0.49 for fed, F(1, 7) = 0.3, P 351 = 0.61; Figure 3b) . 352
Chlorophyll content per cell was not affected by thermal stress relative to the starting 353 content, but was on average 1.8 times higher in zooxanthellae from fed fragments compared 354 to zooxanthellae from unfed fragments across all time points (T0-T2; ANOVA, F(1, 3) = 49.1, P 355 < 0.01; Figure 3c) . 356
Scalar irradiance
357
Coral tissue surface photon scalar irradiance (425-700 nm) at T0 was 125.9% (±0.10 SE of 358 mean) and 118.6% (±0.11 SE of mean) of the incident downwelling irradiance (Ed = 2400 µmol 359 photons m -2 s -1 ) for fed and unfed corals, respectively (Figure 4a-b) . Enhancement of tissue 360 surface scalar irradiance peaked after 3 days at 30°C (T1) in both treatments (Figure 4a-b) , 361 reaching values of 140.9% (±0.12 SE of mean) and 146.7% (±0.07 SE of mean) relative to Ed 362 for unfed and fed fragments, respectively. At T0, scalar irradiance at the coral tissue-skeleton 363 interface was 95.3% (±0.08 SE of mean) and 110.6% (±0.08 SE of mean) of the incident 364 downwelling irradiance for fed and unfed corals, respectively. Scalar irradiance at the tissue-365 skeleton interface did not change with thermal stress (T1-T2) relative to T0 (ANOVA, F(2, 34) = 366 1.5, P = 0.24 for fed, F(1, 21) = 2.8, P = 0.19 for unfed; Figure 4b) . 367 A distinct spectral attenuation was observed in the near infrared part of the spectrum (NIR, 368 700-750 nm) at tissue-skeleton interface in unfed corals after 3 days at 30°C (T1), and in fed 369 corals after 8 days at 30°C (T2; Figure 4e -f) suggestive of the presence of endoliths in the coral 370 skeleton, but no such endoliths were perceivable to the naked eye. 371
Reflectance measurements
372
Spectral reflectance of PAR (400-700 nm) was 11.7% (±0.009 SE of mean) and 15.5% (±0.007 373 SE of mean) at T0 for fed and unfed fragments of P. damicornis, respectively (Figure 5a ). Fed 374 coral fragments showed a significantly increased reflectance at T1 and T2, relative to control 375 measurements (T0; ANOVA, F(2, 45) = 3.5, P = 0.038), while unfed fragments showed no 376 significant increase in reflectance between T0 and T1 (ANOVA, F(1, 34) = 0.6, P = 0.46; Figure  377 5a). Reflectance spectra from both fed and unfed treatment fragments showed lowest 378 The amount of energy lost by tissue surface reflection increased with thermal stress, thus 415 decreasing the amount of light absorbed by the coral tissue. For fed corals, reflected light 416 energy was 11.72% (of the incident irradiance) at T0, 13.17% at T1, and 14.38% at T2. Likewise, 417 reflectance increase in unfed corals from 15.01% of incident irradiance at T0, to 16.41% at T1 418 (Figure 9a ). Under high irradiance, photosynthesis accounted for only 0.65% (±0.05 SE of 419 mean; n = 3) and 0.57% (±0.05 SE of mean, n = 2) of the absorbed light energy in fed and unfed 420 corals, respectively. We found no major differences in the amount of light energy conserved 421 by photosynthesis, JPS, before and after thermal stress in either fed or unfed fragments (Figure  422 9b), and heat dissipation, JH, thus accounted for >99% of the absorbed energy dissipation in 423 both fed and unfed fragments under high irradiance (Figure 9b) . 424 We calculated a theoretical radiative energy budget for a range of incident photon irradiance 425 levels (from 80 to 2400 µmol photons m -2 s -1 ) based on detailed gross photosynthesis 426 measurements on control fragments performed at these light levels (see methods). These 427 extrapolated radiative energy budgets indicated that an increasing amount of light energy 428 could be conserved by photosynthesis in both fed and unfed fragments, as the incident 429 irradiance decreased and light-saturation of photosynthesis was alleviated (Figure 10 ). In fed 430 fragments of P. damicornis the highest amount of photosynthetic energy use, i.e., about 5-431 6% of absorbed irradiance, was found at 80 µmol photons m -2 s -1 , while unfed P. damicornis 432 reached about 4% at T0. Corals from both treatments experienced an exponential decrease in 433 photosynthetic energy quenching at higher irradiances, and reached the lowest amount of 434 0.5% for fed and 0.6% for unfed at 2400 µmol photons m -2 s -1 . Photosynthetic use of absorbed 435 light decreased to about 2.5% of absorbed light energy for unfed fragments after 3 days of 436 thermal stress (T1), while fed fragments remained unaffected by thermal stress for 8 days (T2) 437 before photosynthetic energy quenching dropped to about 4% (Figure 10) . 438
Discussion
439
In this study, we present the first directly linked measurements of the radiative energy and 440 carbon assimilation budgets in the symbiont-bearing coral Pocillopora damicornis, and we 441 compare the light energy utilization under thermal stress in fed and starved corals. We found 442 that even though both fed and unfed corals responded to thermal stress by bleaching ( Figure  443 Radiative energy budgets
446
The balanced radiative energy budgets showed that fed and unfed corals absorb close to 447 equal amounts of the incident light energy (85-88%; T0; Figure 9a ). The amount of absorbed 448 light energy decreased in both starved and fed corals upon thermal stress-induced bleaching. 449 All radiative energy budgets showed highest energy dissipation as heat, where >99% of 450 absorbed light energy was converted into heat regardless of feeding treatment and exposure 451 to thermal stress, at the highest experimental irradiance of 2400 µmol photons m -2 s -1 (Figure  452 9b). The amount of absorbed light energy conserved by photosynthesis was very low (0.6-453 0.7%) under high irradiance (2400 µmol photons m -2 s -1 ) and remained virtually unchanged in 454 corals from both treatments, regardless of exposure to thermal stress (Figure 9 ). 455
Since our study was conducted at a single, very high, photon irradiance (2400 µmol photons 456 m -2 s -1 ) to obtain detectable TBLs for quantifying heat exchange, we estimated a theoretical 457 radiative energy budget for 6 different lower levels of irradiance, where photosynthesis 458 measurements were done on fragments from both treatments (See methods). Extrapolation 459 of the radiative energy budget to lower incident irradiances showed that photosynthesis in 460 control fragments accounted for up to ~4% of absorbed light energy in unfed corals and ~5-461 6% in fed corals under light-limited photosynthetic conditions (Figure 10a-b) . This increased 462 light use in fed corals suggests that fed P. damicornis had a higher photosynthetic efficiency 463 when exposed to optimal temperature (25°C) and light conditions (<500 µmol photons m -2 s -464 1 ), compared to other coral species (e.g. Stylophora) (Ferrier-Pagès et al., 2010) . Fed corals 465 appeared unaffected by the temperature increase 3 days after the onset of thermal stress, 466 whereas unfed corals expressed an immediate sign of stress via decreased photosynthetic 467 quenching of absorbed light energy (4% to 2-2.5%; Figure 10d ). Only after an additional 5 days 468 of thermal stress did fed corals also express signs of stress by decreasing their photosynthetic 469 quenching of absorbed light energy from 5-6% down to ~4% (Figure 10e) . 470
The energy use efficiency of photosynthesis in highly pigmented photosynthetic biofilms are 471 generally low due to their uniform topography and high optical density between thermal treatments (T2 relative to T0), while the α-value was considerably decreasedafter thermal stress (Figure 7a ). This indicates that fed corals can uphold photosynthesis when 492 thermally bleached, but they need higher irradiances to do so. 493
When comparing across all time points, the areal gross photosynthesis in fed corals was about 494 1.2 times higher than in unfed corals (Figure 6a) . Feeding of corals has previously been shown 495 to alleviate photodamage of Symbiodinium, where starved corals showed a decline in their 496 nocturnal recovery rates of PSII relative to fed corals, and thus suffered more from chronic 497 photoinhibition (Borell & Bischof, 2008; Borell et al., 2008) . Unfed corals experienced a 498 decrease in photosynthetic electron transport rate and net photosynthesis in addition to 499 bleaching when thermally stressed relative to fed corals (Ferrier-Pagès et al., 2010). We found 500 a similar pattern between our feeding treatments, as both relative electron transport rates 501 and the effective yield of PSII was higher in fed relative to unfed corals before and after 502 thermal stress (Figure ) . 503
We found that both rETR and Y(II) in fed corals increased with thermal stress (T2; Figure ) Thermal stress is known to inhibit the photosynthetic capabilities of aquatic phototrophs, as 506 increased temperature leads to degradation of enzymes crucial for sustaining electron 507 transport in the photosystems (Falkowski & Raven, 2007) . However, our corals showed little 508 to no decline in photosynthetic rates when exposed to thermal stress, and cell-specific 509 photosynthesis rates of Symbiodinium increased by about a factor of 1.1 in unfed corals, and 510 1.5 in fed corals, after thermal stress (T1-T2 relative to T0; Figure 6b) . 511
Comparisons across all treatments showed that cell specific gross photosynthesis was 2-fold 512 higher in unfed corals relative to fed corals in the control group (T0), and almost 1.5 times 513 higher after thermal stress (T1; Figure 6b (Wangpraseurt et al., 2017b) . 550
The thin tissue of P. damicornis did not exhibit strong light gradients compared to thick-551 tissued corals (Wangpraseurt et al., 2012) , and the scalar irradiance at the tissue-skeleton 552 interface in polyp corallites was slightly lower compared to surface layers (95% of incident 553 irradiance in fed, and 110% in unfed, T0, Figure 4b ). This attenuation became even more 554 apparent after the onset of thermal bleaching, as scalar irradiance at the tissue-skeleton 555 interface in corals from both treatments further decreased (100% in unfed T1, and 78% in fed 556 T2; Figure 4b 
